TheflhB andflhA genes constitute an operon calledflhB operon on the Salmonella typhimurium chromosome.
The flagellum of Salmonella typhimurium and Escherichia coli is composed of three distinct parts, the basal body, the hook, and the filament (27) . The basal body is a complex structure with one inner ring (the MS ring), two outer rings (the L and P rings), and the rod. The basal body is embedded in the cell membrane, while the hook and filament portions extend into extracellular space. Flagellar assembly has been believed to proceed from cell-proximal to cell-distal structures; i.e., it begins with the basal body, proceeds with the hook, and is completed with the filament. Therefore, the flagellar proteins which are synthesized in the cytoplasm should be exported to the periplasmic space, the outer membrane, or the extracellular space where their assembly finally occurs (17, 36) . The outer ring proteins, FlgH and FlgI, are synthesized as precursor forms with signal peptides and transported across the cytoplasmic membrane by the Sec-dependent pathway (13, 16) . On the other hand, the component proteins of the axial structures, the rod, the hook, and the filament, do not have signal peptides at N termini and have been postulated to be exported through the flagellum-specific transport pathway (12, 14, 25, 27) . Elongation of the filament proceeds in a remarkable fashion by adding the component protein, flagellin, at its distal end (15) . Therefore, the most plausible candidate for the physical pathway of this transport is the central channel existing within the flagellar structure (29) . The other axial proteins are also believed to be transported through the same pathway. However, very little is known about the molecular detail of the flagellum-specific transport pathway. subunit of the FoF1 ATPase (40) and that the purified FliM protein has an activity to bind ATP (7) suggested that FliI may act as an ATPase in the flagellum-specific export pathway. The flhA gene together with the flhB gene constitutes an operon called theflhB operon on the S. typhimurium chromosome (18, 23) . In the accompanying paper, we present the genetic evidence suggesting that FlhB may also be involved in the flagellum-specific transport pathway (21) . The DNA sequences of the flhA homolog of Caulobacter crescentus (flbF) and the flhA andflhB genes of Bacillus subtilis have been reported, and the similarity of their gene products to the virulence proteins from various pathogens has been demonstrated (4, 5, 32, 33) . However, the molecular details of the S. typhimurium flhB operon and its protein products have not been described yet, and the exact role of the FlhA and FlhB proteins in the flagellum-specific transport pathway remains unknown.
For the first step to elucidate the functions of the flhA and flhB gene products in the flagellum-specific export pathway, we decided to determine the structure of the S. typhimurium flhB operon and to characterize its protein products. The For purification of the N-terminally truncated FlhA protein, the precipitate was dissolved in 20 ml of 50 mM Tris-HCl (pH 7.2)-0.1 M NaCl and dialyzed three times against 1 liter of the same buffer. The sample was loaded on a TOYOPEARL HW-50 column and eluted with the same buffer. Each fraction was monitored by SDS-PAGE, and fractions containing the protein with an apparent molecular mass of 20 kDa, which corresponded to the N-terminally truncated FlhA protein, were pooled. The pooled fraction was subjected again to the same gel filtration procedure. After dialysis three times against 1 liter of 100 mM sodium phosphate buffer (pH 6.8) containing 1 M ammonium sulfate, the sample was applied to an EconoPac HIC cartridge (Bio-Rad). The column was washed with 5 ml of the same buffer, and the adsorbed proteins were eluted with 50 ml of a 1 to 0 M ammonium sulfate linear gradient. Fractions containing the protein of 20 kDa were pooled, dialyzed three times against 1 liter of 10 mM sodium phosphate (pH 6.5), and applied to an Econo-Pac CM cartridge (Bio-Rad). The column was washed with 10 ml of the same buffer, and adsorbed proteins were eluted with 60 ml of a 0 to 1.5 M NaCl linear gradient. pMK103 also carried the flhE gene. We noticed that the cell extract from EKK22 harboring pMK103 also contained a large amount of 12-kDa protein which corresponded to the mature form of FlhE. This 12-kDa protein was purified by the same chromatographic procedure.
For purification of the N-terminally truncated FlhB protein, the ammonium sulfate precipitate of cell extract from EKK22 harboring pMK104 was dissolved in 20 ml of 10 mM sodium phosphate (pH 6.5) and dialyzed three times against 1 liter of the same buffer. The sample was loaded onto an Econo-Pac CM cartridge, washed, and eluted as described above. Each fraction was monitored by SDS-PAGE, and fractions containing the protein with an apparent molecular mass of 14 kDa which corresponded to the N-terminally truncated FlhB protein were pooled. To the pooled fraction, Triton X-100 was added to a final concentration of 1%. The sample was then subjected to the gel filtration procedure as described above. 
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RESULTS AND DISCUSSION
Sequence analysis of the flhB operon. Although Stock and Stock (35) reported a partial sequence of the S. ytphimurium flhB operon, the entire structure of the operon has not been determined. From pKK1311EH, which carried the entire flhB operon (19) , various portions of the 4.0-kb HindIII-EcoRI fragment containing the flhB operon were recloned into pUC118 and pUC119. From each of these plasmids, a set of nested deletion mutants was constructed in vitro. These deletion plasmids were introduced into SJ12014 (fhA) and SJ12033 (flhB), and motility recovery was investigated. On the basis of complementation pattern, the approximate locations of flhB and flhA were determined as shown in Fig. 1 .
By use of the same deletion mutants, the nucleotide sequence of the entire HindIII-EcoRI fragment was determined (Fig. 2) . The sequence contains three ORFs of 1,149 bp (orfl), 2,076 bp (orf2), and 390 bp (orf3), oriented in the same direction. They are all preceded by well-placed potential ribosomebinding sites (Shine-Dalgarno sequences). Since there is no potential termination signal in the intergenic regions, it is most plausible that these three ORFs constitute an operon. From the complementation data shown in Fig. 1 , we concluded that orfl and orf2 correspond to the flhB and.flhA genes, respectively. In this paper, orf3 is tentatively called flhE.
Like many other flagellar genes (for examples, see references 16, 28, and 40), the coding regions for these three genes overlap with one another. The flhB gene terminates in an 8-bp overlap (ATGGCTAA) with the start of flhA. The flhA gene terminates in a 1-bp overlap (TAATG) with the start of flhE.
These features may reflect translational coupling. As Stock and Stock (35) pointed out, the upstream region of flhB contains an inverted repeat sequence that would permit the formation of a stem-loop structure with 11 paired bases in the stem and 10 bases in the loop. This might be the terminator of transcription of the tar operon which exists upstream of thefflhB operon. As described previously (19, 22) , the promoter structure of the flhB gene is not evident.
Characteristics of the primary sequence of the FMhB, FMhA, and FMhE proteins. The flh/ and flhA genes encode 383-and 692-amino-acid proteins with calculated molecular masses of 42,322 and 74,848 Da, respectively. They are both extremely hydrophobic proteins. The hydropathy profiles indicated that both FlhA and FlhB have several potential membrane-spanning segments at the N-terminal half (Fig. 3) , suggesting that they may be integral membrane proteins. Their C-terminal half is quite hydrophilic and is likely to represent a water-soluble domain. As expected, FlhA shows strong homology to B. subtilis FlhA and C. crescentus FlhF (43 and 40% identities, respectively) (4, 32, 33). As reported previously (2, 9, 31, 39), these proteins also show homology to the virulence proteins such as Yersinia pestis LcrD, Shigella flexnei MixA, and S. typhimurium InvA (data not shown). Similarly, FlhB shows strong homology to B. subtilis FlhB (38% identity) (5), and these proteins share homology with another family of virulence proteins such as S. flexneri Spa4O (34) and S. typhimurium SpaS (10) . An increasing amount of evidence suggested that many of the flagellar proteins are highly homologous to various virulence proteins required for the surface presentation of invasion antigens. Although the significance of this sequence homology has not been understood well, it has been postulated that this superfamily of proteins may be dedicated to the export of the component proteins of the extracellular suprastructures by a mechanism that does not involve signal sequence cleavage (3, 10, 28 (Fig. 4) . respectively. Except for the N-terminal methionine residues, these were identical to the predicted N-terminal sequences of the truncated FlhA and FlhB proteins, respectively (Fig. 5) . Antibodies against FlhB and FlhA were prepared by using these truncated proteins as immunogens. By use of these antibodies, we carried out Western blotting analysis of the fractionated cell extracts from KK1004 harboring pMK102 or pMK2#5, which carried the intact flhA or flhB genes, respectively. After the cells of KK1004 harboring pMK102 were disrupted by sonication, cell lysates were fractionated into cytoplasmic and membrane fractions by ultracentrifugation. In the Western blotting analysis of these fractions with anti-FlhA antibody, FlhA was detected in the membrane fraction as well as the cytoplasmic fraction (Fig. 6A, lanes 2 and 3) . Then, the membrane fraction was washed with 1 M NaCl and separated by ultracentrifugation into the pellet and supernatant fractions. . Fractionation of the extracts from KK1004 harboring pMK102 (A) or pMK2#5 (B) were carried out as described in Materials and Methods. Fractions were separated by SDS-PAGE and subjected to Western blotting analysis with antibodies specific for FlhA (A) and FlhB (B). Positions of FlhA and FlhB are indicated on the right. Lanes: 1, total cell proteins; 2, cytoplasmic proteins; 3, total membrane proteins; 4 and 5, supernatant and pellet, respectively, derived from total membrane proteins after treatment with 1 M NaCl; 6 and 7, supernatant and pellet, respectively, derived from total membrane proteins after treatment with 1.2% Sarkosyl. FlhA protein was detected exclusively in the pellet (Fig. 6A,  lanes 4 and 5) . Aliquots of the membrane fraction were treated with 1.2% Sarkosyl and separated by ultracentrifugation into the pellet and supernatant fractions. FlhA protein was detected exclusively in the supernatant (Fig. 6A, lanes 6 and 7) . Because the integral membrane proteins are known to be solubilized by Sarkosyl treatment but not by salt treatment (8, 37) , these results clearly indicated that FlhA is an integral cytoplasmic membrane protein. This is consistent with the feature of the predicted primary sequence of the FlhA protein.
In KK1004 harboring pMK2#5, FlhB was also detected in the membrane fraction (Fig. 6B, lanes 2 and 3) . A salt wash of the membrane fraction did not solubilize FlhB (Fig. 6B, lanes  4 and 5) , suggesting that FlhB may be integral to the cytoplasmic membrane. Sarkosyl treatment solubilized only a small amount of FlhB (Fig. 6B, lanes 6 and 7) . This suggests that FlhB may form some supramolecular structure within the membrane.
The studies on the assembly process of flagellar structure have shown that FlhA and FlhB may participate in this process after the MS ring assembly which occurs within the cytoplasmic membrane (17, 36) . Because it is reasonable to assume that the flagellum-specific transport apparatus may associate with the flagellar basal structures, we suspect that FlhA and FlhB may integrate into the cytoplasmic membrane and constitute the flagellum-specific transport apparatus in contact with the MS ring. However, because neither FlhA nor FlhB has been detected in the purified flagellar structures (17), they may be in a labile association with the MS ring.
